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Abstract: Chemerin and its receptor, chemokine-like receptor 1 (CmklR1), are associated with
chemotaxis, inflammation, and endothelial function, especially in metabolic syndrome, coronary
heart disease, and hypertension. In humans, circulating chemerin levels and renal function show
an inverse relation. So far, little is known about the potential role of chemerin in hypertensive
nephropathy and renal inflammation. Therefore, we determined systemic and renal chemerin
levels in 2-kidney-1-clip (2k1c) hypertensive and Thy1.1 nephritic rats, respectively, to explore the
correlation between chemerin and markers of renal inflammation and fibrosis. Immunohistochemistry
revealed a model-specific induction of chemerin expression at the corresponding site of renal damage
(tubular vs. glomerular). In both models, renal expression of chemerin (RT-PCR, Western blot)
was increased and correlated positively with markers of inflammation and fibrosis. In contrast,
circulating chemerin levels remained unchanged. Taken together, these findings demonstrate that
renal chemerin expression is associated with processes of inflammation and fibrosis-related to renal
damage. However, its use as circulating biomarker of renal inflammation seems to be limited in our
rat models.

Keywords: chemerin; CmklR1; 2-kidney-1-clip; 2k1c; Thy1.1 nephritis; renovascular hypertension;
renal inflammation; renal injury; renal fibrosis

1. Introduction

The significance of end-stage renal disease (ESRD) remains clinically relevant due to its high
mortality and morbidity, as well as the lack of effective preventive therapeutic interventions [1].
ESRD results from different forms of renal injury, e.g., arterial hypertension or glomerulonephritis [2,3].
Alterations in the renal microenvironment trigger pathologic immune cell responses with a subsequent
acceleration of progressive renal failure, in the setting of loss of glomeruli, tubular atrophy and
fibrosis, with reduced glomerular filtration rate (GFR) [2,4]. Unfortunately, the molecular pathways
driving persistent renal inflammation are only partly understood to date. Therefore, further research is
warranted regarding the regulatory components of inflammation-induced kidney damage in order
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to develop targeted therapeutics to prevent ESRD effectively. Chemokines and cytokines are both
important regulatory mediators of kidney inflammation and potential therapeutic targets [5,6]. They are
produced by resident kidney cells, particularly by podocytes, tubular and mesangial cells, as well as
by microvascular endothelial cells [6]. Certain mediator combinations determine the recruitment of
specific leukocyte subtypes to sites of renal inflammation [2].

Recently, the adipokine chemerin, also known as tazarotene-induced gene 2 protein (TIG2) or
retinoic acid receptor responder protein 2 (RARRES2), was introduced as a novel chemoattractant
protein [7]. It acts as a ligand for the G protein-coupled receptor CmklR1, also known as ChemR23, and
was found to stimulate chemotaxis of dendritic cells and macrophages to sites of inflammation [7,8].
Beyond its classical role in adipogenesis and adipocyte metabolism [9,10], the potential involvement of
chemerin in cardiovascular and renal dysfunction has recently been acknowledged [11]. Chemerin
appears to form an integral link in metabolic syndrome, connecting obesity, the related dysfunctional
cardiometabolic state, and the associated chronic inflammation of adipose tissue [12].

Several investigations have addressed circulating chemerin levels and their pathophysiologic
relevance in cohorts with chronic kidney disease [11]. Unrelated to the method of determination [11],
serum creatinine is significantly and independently associated with serum chemerin [13,14]. The level
of circulating chemerin has been shown to be dependent on GFR and inversely correlated
with renal function. A two-fold increase of serum chemerin has been reported in patients on
hemodialysis [15]. These results were strengthened by an investigation of ESRD-patients undergoing
kidney transplantation [14], whose elevated serum chemerin levels returned to baseline values observed
in healthy controls three months after transplant. Furthermore, elevated chemerin levels persisted
in ESRD patients on hemodialysis compared to healthy controls or kidney transplanted patients.
Nonetheless, hemodialysis reduced high serum chemerin levels to some extent [16]. With adipose
tissue as the main source of circulating chemerin [9], it remains to be determined whether elevated
serum chemerin levels are due to the increase of fat mass in metabolic phenotypes or to the related
renal damage leading to impaired renal elimination. The latter seems more likely [11], as patients with
chronic kidney disease showed no difference in subcutaneous adipose tissue chemerin production
at the mRNA level [16]. However, the role of visceral adipose tissue cannot be completely ruled
out [11]. Also, beyond its role in chemerin elimination, the kidney itself may influence serum chemerin
concentrations via its synthesis, as chemerin expression can be found in animal kidneys [9]. In order to
investigate the role of renal chemerin and its potential use as a diagnostic marker of kidney disease,
our current study characterized its systemic and local expression in established animal models of
hypertensive nephropathy and glomerulonephritis using 2-kidney-1-clip (2k1c) hypertensive and
Thy1.1 nephritic rats, respectively.

2. Results

2.1. Chemerin is Induced in Kidneys Exposed to High Blood Pressure

Five weeks after clipping of the left renal artery, the weights of the contralateral right kidneys
exposed to high blood pressure were significantly higher than the right kidneys of the sham-operated
controls (Table 1). Blood pressure and left ventricular weights of 2k1c rats were increased compared
to controls (Table 1). Serum urea and creatinine, as markers of renal damage, were elevated in
2k1c rats compared to controls (Table 1). The expression levels of chemerin were significantly
higher in the right kidneys of 2k1c hypertensive animals compared to the kidneys of controls
(Figure 1A). Immunohistochemical evaluation of chemerin in kidneys revealed some discrete vascular
and distal tubular staining for chemerin in control kidneys, with a prominent increase in chemerin
immunoreactivity in the tubulo-interstitium of hypertensive kidneys (Figure 1B). The expression of
the chemerin receptor CmklR1 was also induced in hypertensive kidneys (Figure 1C). Moreover, a
Western blot analysis revealed an increase in chemerin protein in hypertensive kidneys (Figure 2).
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Table 1. Physiological parameters of 2k1c experimental groups.

Physiological Parameter Sham 2k1c p-Value

Rel. right kidney weight
(mg/g body weight) 3.21 ± 0.06 4.87 ± 0.25 <0.001

Serum urea
(mg/dL) 37.74 ± 1.13 80.92 ± 11.26 <0.001

Serum creatinine
(mg/dL) 0.195 ± 0.007 0.335 ± 0.038 <0.001

Rel. left ventricular weight
(mg/g body weight) 2.05 ± 0.04 3.03 ± 0.21 0.003

Mean arterial blood
pressure
(mm Hg)

113.2 ± 2.6 203.7 ± 5.0 0.014

Sham, sham-operated control group; 2k1c, hypertensive group. Data are means ± standard error of the mean.
p < 0.05 2k1c versus sham was considered significant.
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Figure 1. Chemerin and CmklR1 in 2k1c hypertensive nephropathy. (A) Chemerin mRNA
expression levels in the kidneys of 2k1c hypertensive (2k1c) and control (sham) rats. (B) Exemplary
photomicrographs of renal tissue from hypertensive (2k1c) and control (sham) rats stained for chemerin.
Black bar represents 100 µm. (C) CmklR1 mRNA expression levels in the kidneys of 2k1c hypertensive
(2k1c) and control (sham) rats. * p < 0.05 vs. sham control kidneys.
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Figure 2. Western blot analysis of chemerin protein expression in the hypertensive kidneys of 2k1c rats.
Amido black staining (abl) of the blot served as a loading control. Bar graph: densitometric analysis of
Western Blot. * p < 0.05 vs. sham control kidneys.

2.2. In Kidneys Exposed to High Blood Pressure, Chemerin Expression Correlates with Markers of Renal
Damage, Inflammation, and Fibrosis

Increased infiltration of M1 and M2 macrophages, neutrophil granulocytes, as well as total
and helper T-cells, but not of cytotoxic T-cells into the right kidneys of 2k1c rats was observed
(Table 2 and Figure 3). Exemplary photomicrographs are shown in Supplementary Figures S1–S3.
The expression of TGFβ-1, a central mediator of tissue fibrosis [17], was upregulated in the kidneys of
2k1c rats (Table 3). Moreover, increased smooth muscle actin expression and the presence of more
smooth muscle actin positive interstitial cells indicate pronounced fibroblast activation [18] in the
right kidney of hypertensive rats (Table 3). Consequently, the expression of the matrix components
fibronectin and collagens I, III, and IV was augmented in the right kidneys of these rats (Table 3).
The expression of collagens I and IV in right kidney tissue was more prominent in 2k1c rats than in
the right kidneys of control rats (Table 3 and Figure 3). Exemplary photomicrographs are shown in
Supplementary Figure S4.

Table 2. Inflammatory cell infiltration in the kidneys of 2k1c.

Cell Type Sham 2k1c p-Value

M2 macrophages
(CD163 pos. cells/cortical view) 0.09 ± 0.04 0.86 ± 0.20 <0.001

Neutrophil granulocytes
(myeloperoxidase pos.
cells/cortical view)

0.53 ± 0.15 1.49 ± 0.30 0.039

Total T-cells
(CD3 pos. cells/cortical view) 1.23 ± 0.47 4.88 ± 1.81 0.046

Helper T-cells
(CD4 pos. cells/cortical view) 11.56 ± 3.37 75.45 ± 14.60 0.002

Cytotoxic T-cells
(CD8a pos. cells/cortical view) 3.12 ± 0.38 4.76 ± 0.35 0.456

Sham, sham-operated control group; 2k1c, hypertensive group. Data are means ± standard error of the mean.
p < 0.05 2k1c versus sham was considered significant.
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Figure 3. M1 macrophage infiltration and expansion of collagen IV in the tubulointerstitial area of rats
with 2k1c hypertensive nephropathy. Sham, control sham operation; ED-1, M1 macrophage marker;
* p < 0.05 vs. sham control kidneys, data are means ± error of the mean.

Table 3. Markers of renal fibrosis in 2k1c.

Fibrotic Marker Sham 2k1c p-Value

TGFβ-1 expression
(fold change) 1.00 ± 0.25 3.69 ± 0.44 0.001

Smooth muscle actin expression
(fold change) 1.00 ± 0.21 5.89 ± 0.96 0.014

Activated fibroblasts
(smooth muscle actin pos. cells/cortical view) 0.26 ± 0.04 5.74 ± 1.50 0.002

Fibronectin expression
(fold change) 1.00 ± 0.24 8.81 ± 1.55 0.003

Collagen I expression
(fold change) 1.00 ± 0.32 4.42 ± 0.78 0.024

Collagen I stain
(% pos. cells/cortical view) 4.66 ± 0.44 7.98 ± 1.14 0.001

Collagen III expression
(fold change) 1.00 ± 0.49 18.25 ± 5.32 0.004

Collagen IV expression
(fold change) 1.00 ± 0.22 6.03 ± 0.83 0.001

Sham, sham-operated control group; 2k1c, hypertensive group. Data are means ± standard error of the mean.
p < 0.05 2k1c versus sham was considered significant.

The expression of chemerin in the right kidney of hypertensive rats correlated with serum levels
of urea and creatinine, but not with blood pressure levels (Table 4). There was a correlation between
chemerin expression and M1 macrophage and neutrophil granulocyte infiltration into the right kidneys
(Figure 4). Chemerin expression also correlated with fibroblast activation, TGFβ-1 expression and
the expression of several matrix molecules (Table 4 and Figure 4). Furthermore, there was a high
correlation of chemerin expression with the expression of its receptor CmklR1 (Table 4).

2.3. Chemerin is Induced in Glomeruli Afflicted with Thy1.1 Nephritis and Correlates with Markers of Renal
Damage, Inflammation, and Fibrosis

Two weeks after the induction of a Thy1.1 glomerulonephritis, an increase in serum creatinine and
albuminuria were observed (Table 5). Glomerular M1 macrophage infiltration and renal collagen IV
expression were increased in nephritic kidneys (Figure 5 and Figure S5). Blood pressure was not altered
in Thy1.1 nephritic rats (Table 5). Chemerin expression was increased in the renal tissue of Thy1.1
nephritic rats (Figure 6A). Staining for chemerin revealed prominent glomerular immunoreactivity
in nephritic glomeruli, while in control glomeruli, only some podocytes stained positive (Figure 6B).
The expression of the chemerin receptor CmklR1 was also somewhat increased (Figure 6C).
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Table 4. Correlation of markers of renal damage, inflammation, and fibrosis with chemerin expression
in 2k1c.

Chemerin (mRNA Expression) r p-Value

Serum creatinine (mg/dL) 0.62 0.009
Serum urea (mg/dL) 0.77 <0.001
Mean arterial blood pressure (mm Hg) 0.42 0.12
M1 macrophages (ED-1 pos. cells/view) 0.71 0.001
M2 macrophages (CD163 pos. cells/view) 0.51 0.16
Total T-cells (CD3 pos. cells/view) 0.27 0.40
Cytotoxic T-cells (CD8a pos. cells/view) 0.47 0.11
Helper T-cells (CD4 pos. cells/view) −0.14 0.63
Neutrophil granulocytes (MPO pos. cells/view) 0.83 <0.001
Activated myofibroblasts (SMA-pos. cells/view) 0.74 0.003
Smooth muscle actin (mRNA expression) 0.65 0.005
Fibronectin (mRNA expression) 0.86 <0.001
Collagen I (% pos. area stained) 0.65 0.043
Collagen I (mRNA expression) 0.83 <0.001
Collagen III (mRNA expression) 0.84 <0.001
Collagen IV (% pos. area stained) 0.64 0.014
Collagen IV (mRNA expression) 0.90 <0.001
TGFβ-1 (mRNA expression) 0.73 0.001
CmklR1 (mRNA expression) 0.89 <0.001

r = Spearman–Rho correlation coefficient r, statistical significance was defined as p-value < 0.05.
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Figure 4. Correlation of chemerin expression with infiltration of neutrophilic granulocytes and M1
macrophages and the expression of collagens III and IV. MPO, myeloperoxidase (marker for neutrophil
granulocytes), ED-1, marker for rat M1 macrophages.
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Table 5. Markers of renal damage and blood pressure in Thy1 glomerulonephritis.

Damage Marker NaCl Thy1 p-Value

Rel. right kidney weight
(mg/g body weight) 4.30 ± 0.15 8.57 ± 0.18 <0.01

Albuminuria
(mg/24 h) 0.80 ± 0.19 725.79 ± 303.13 <0.01

Serum creatinine
(mg/dL) 0.19 ± 0.01 0.34 ± 0.03 <0.01

Cytotoxic T-cells
(CD8a pos. cells/cortical view) 3.51 ± 0.56 5.72 ± 0.41 n.s.

Helper T-cells
(CD4 pos. cells/cortical view) 3.05 ± 0.61 6.23 ± 2.39 n.s.

Mean arterial blood pressure
(mm Hg) 118.5 ± 1.5 123.7 ± 6.3 n.s.

Rel. left ventricular weight
(mg/g body weight) 2.23 ± 0.11 2.49 ± 0.09 n.s.

NaCl, NaCl infused control group; Thy1, glomerulonephritic group. Data are means ± standard error of the mean.
p < 0.05 2k1c versus sham was considered significant.
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Figure 5. Glomerular M1 macrophage infiltration and collagen IV expression in the renal cortex of 
rats with anti-Thy1.1 mesangioproliferative glomerulonephritis. NaCl, control vehicle-injected; ED-1, 
M1 macrophage marker; ** p < 0.01; data are means ± error of the mean. 

  

Figure 5. Glomerular M1 macrophage infiltration and collagen IV expression in the renal cortex of rats
with anti-Thy1.1 mesangioproliferative glomerulonephritis. NaCl, control vehicle-injected; ED-1, M1
macrophage marker; ** p < 0.01; data are means ± error of the mean.

The expression of chemerin in kidneys with Thy1.1 glomerulonephritis correlated with serum
creatinine levels, albuminuria, glomerular infiltration of M1 macrophages, and renal collagen IV
expression (Table 6). A correlation between chemerin expression and CmklR1 expression was also
detected (Table 6).

Table 6. Correlation of markers of renal damage, inflammation and fibrosis with chemerin expression
in Thy1 glomerulonephritis.

Chemerin (mRNA Expression) r p-Value

CmklR1 (mRNA expression) 0.89 0.001
Serum creatinine (mg/dL) 0.73 0.017

Albuminuria (mg/24h) 0.73 0.016
Mean arterial blood pressure (mm Hg) 0.42 0.262
M1 macrophages (ED-1 pos. cells/view) 0.72 0.019
Cytotoxic T-cells (CD8a pos. cells/view) 0.58 0.082

Helper T-cells (CD4 pos. cells/view) 0.39 0.266
Collagen IV (mRNA expression) 0.83 0.005

r = Spearman–Rho correlation coefficient r, statistical significance was defined as p-value < 0.05.
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Figure 6. Chemerin and CmklR1 in anti-Thy1.1 glomerulonephritis: (A) mRNA expression of chemerin
levels in the kidneys of Thy1.1 nephritic (Thy1) and control (NaCl) rats. (B) Localization of chemerin
protein in renal sections of Thy1.1 nephritic and control rats. Black bar represents 100 µm. (C) mRNA
expression of the chemerin receptor CmklR1 levels in the kidneys of Thy1.1 nephritic (Thy1) and control
(NaCl) rats. NaCl, NaCl infused controls. Thy1, anti-Thy1.1 infused glomerulonephritic animals.
** p < 0.01, * p < 0.05 vs. control kidneys.

2.4. Chemerin Plasma Levels are Not Increased in Rat Models of Renal Injury

To clarify whether increases of renal tissue chemerin are also reflected by increases in plasma
chemerin, ELISA assays were performed. In 2k1c hypertensive rats, plasma chemerin was not increased
compared to sham-operated controls (1.15 ± 0.06 ng/mL in hypertensive rats versus 1.29 ± 0.11 ng/mL
in controls). Likewise, in Thy1.1 glomerulonephritic rats, plasma chemerin levels were similar to the
plasma levels of control rats (1.13 ± 0.19 ng/mL in nephritic rats versus 1.22 ± 0.10 ng/mL in controls).

3. Discussion

We have demonstrated specific induction of local expression patterns of chemerin related to the
underlying model of renal injury, i.e., tubular-interstitial (2k1c, in kidneys exposed to high blood
pressure) and glomerular damage (Thy1.1 nephritis). In our study, renal chemerin expression positively
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correlated with markers of renal damage and inflammation in 2k1c hypertensive animals and Thy1.1
nephritic rats, indicating a possible involvement of chemerin in these processes, as seen in adipose
tissue [19]. Concomitantly, the expression of the chemerin receptor CmklR1 was also found to be
induced in hypertensive kidneys, while somewhat increased in anti-Thy1.1 treated animals. Of the
three known chemerin receptors (i.e., chemokine-like receptor 1 (CmklR1), G-protein-coupled receptor
(GPR) 1, and C-C motif receptor-like (CCRL) 2, only CmklR1 sufficiently mediates intracellular
signaling functions (reviewed by [12]). Besides its expression in hematopoietic tissues, CmklR1 is
strongly expressed in cells of the immune system (e.g., blood monocytes, monocyte-derived human
macrophages, immature dendritic cells, CD4+ T lymphocytes) [7,20]. CmklR1 directs the migration
of immune cells to lymphoid organs and inflamed tissues [21]. Thus, the observed renal damage in
our models might have partly resulted from chemerin-induced, CmklR1-mediated chemoattraction
of immune cells to the respective sites of renal damage (i.e., tubulo-interstitium in 2k1c model and
glomerulus in Thy1.1 nephritic rats).

Interestingly, CmklR1 expression was additionally observed in human microvascular endothelial
cells (ECs) by Kaur et al. [22]. Thus, para-/autocrine effects of chemerin on renal vasculature in our
model are also possible. Kaur et al. showed that the expression of the receptor was significantly
up-regulated by pro-inflammatory cytokines in human ECs and had strong angiogenic potential via
activation of PI3K/Akt and MAPK pathways in these cells [22]. The involvement of an imbalance of
angiogenesis-related factors in the progression of CKD and the therapeutic potential of modulating
these factors in CKD has been acknowledged (reviewed by [23]). Furthermore, Kaur et al. showed that
chemerin was able to induce the activity of members of the matrix metalloproteinase (MMP) family
in ECs [22], which play an important role in the degradation of the extracellular matrix (ECM) [24].
This effect is also crucial in the development and progression of CKD; however, non-proteolytic
functions of MMPs might also play a role [24]. In line with these observations, we found chemerin to
correlate with markers of renal fibrosis.

So far, the exact mechanisms of renal chemerin induction in our animals remain unknown.
However, a potential role of angiotensin 2 (Ang II) in the regulation of chemerin expression has been
proposed by others. Using a model of diabetic nephropathy, Yu et al. [25] were able to show that the
expression of chemerin in the kidney of diabetic rats was significantly elevated compared to control
animals, suggesting that chemerin might be relevant to the model-specific renal pathology. Treatment
with irbesartan (Ang II type 1 receptor antagonist) appeared to reduce the renal chemerin expression in
these diabetic animals secondary to a reduction in renin–angiotensin system (RAS) components [25].

The Goldblatt 2k1c rat hypertension model is a long-established and widely employed model in
the study of renal artery stenosis and renovascular hypertension [26,27]. We have observed that the
RAS, including Ang II, is closely related with the 2k1c model [28] since their levels are elevated in
the development and maintenance of hypertension in these animals: Early on, hypertension in 2k1c
animals is characterized by increased plasma renin levels in response to low renal arterial pressure and
subsequently by an increase in circulating Ang II. Later, hypertension is maintained by a continuously
activated RAS, as contralateral pressure diuresis of the unaffected kidney prevents hypervolemia [29,30].
Persistent elevation of Ang II also triggers an inflammatory response, characterized by the infiltration of
macrophages (ED-1), tubular overexpression of macrophage chemotactic and adhesion molecules, such
as osteopontin (OPN), MCP-1 and the expression of inflammatory cytokines, ultimately aggravating
renal damage induced by hypertension [3,31,32].

A potential interaction of Ang II with chemerin in the 2k1c model remains to be determined.
Ang II is a key mediator of CKD. A blockade of the Ang II type 1 receptor prevents lethal malignant
hypertension [28]. It is also understood that Ang II mediates renal fibrosis by stimulating the
endogenous synthesis of transforming growth factor-β (TGF-β) [33] in damaged kidney cells, thereby
stimulating the synthesis of the extracellular matrix (ECM), and inhibiting the action of MMPs [34].
TGF-β induces the transformation of fibroblasts into myofibroblasts (α-smooth muscle actin-positive
cells, α-SMA) and stimulates the expression of fibronectin (FN) and collagen type III (Col III).
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This induces the development of renal fibrosis, leads to functional deterioration and increases kidney
damage [34–36]. Notably, we have found that renal chemerin levels correlated positively with these
Ang II-dependent markers of inflammation and fibrosis in both our models of renal injury. Moreover,
other RAS-associated factors, such as aldosterone/mineralocorticoid receptor [37] or the activity of the
angiotensin-converting enzyme (ACE) [38], might be relevant in the function of renal chemerin.

Similar to 2k1c animals, RAS activation also plays a pivotal role in the progression of
glomerulonephritis (GN) in Thy1.1 nephritic rats [39]. Thus, potential cross-talk of chemerin and Ang
II [25] at the glomerular level might be conceivable. The immunohistochemically observed glomerular
expression of chemerin in our Thy1.1 nephritic rats closely resembled glomerular cyto/chemokine
expression patterns typically found in nephritic renal damage [40], thereby underscoring the potential
role of chemerin as a damage-site specific chemoattractant. The most commonly used model of
selective mesangial cell damage [41–43], anti-Thy1.1-induced glomerulonephritis, resembles some
human forms of GN [44], where the renal damage is characterized by the continued accumulation of
ECM, related to the overproduction of glomerular TGF-β.

As a limitation, the role of Ang II in our 2k1c animals and Thy1.1. nephritic rats remains speculative
due to the lack of functional data regarding RAS signaling. Future studies are needed to uncover the
mechanistic insights of chemerin signaling transduction pathways in the kidney, with a special focus
on the exploration of potential therapeutic targets for renal fibrosis and inflammation.

Despite the association of increased chemerin with (renal) inflammation and fibrosis, Yamamoto et
al. found an association of elevated chemerin levels with a survival advantage in dialysis patients [45].
This seems controversial, as CKD induces premature vascular aging with vascular calcification and
increased arterial stiffness [46]. In addition, previous studies had indicated a role of CmklR1 for
the vascular smooth muscle cell (VSMC) atherosclerotic phenotype [47], characterized by vascular
inflammation and intimal hyperplasia [48,49]. Surprisingly, chemerin seemed to inhibit atherogenesis
through CmklR1 [48,50]. Carracedo et al. [51] were able to show that chemerin treatment of
isolated wild-type mouse VSMCs significantly reduced phosphate-induced calcification and increased
expression of the calcification inhibitor matrix-gla-protein (MGP). In contrast, VSMCs of CmklR1
knock-out mice were devoid of these effects. This suggests that elevated chemerin might, in fact, exert
a direct protective vascular role in CKD, while negatively altering the local microenvironment via
attraction of immune cells at the same time.

In contrast to findings in humans [11], we did not observe an induction of circulating chemerin.
So far, the majority of existing human reports focus on elevated circulating levels of chemerin in CKD
patients, while little is known about the local renal expression of the protein. Based on our finding of
increased chemerin expression in ESRD, one could speculate that this may contribute to the reported
increase of circulating chemerin levels in ESRD, apart from the postulated reduced chemerin renal
elimination capacity associated with ESRD [14]. However, as we were unable to detect an increase of
circulating chemerin levels in both animal models of our study, it remains uncertain to what extent such
local changes in our rodent models might translate into a significant increase of circulating chemerin
levels observed in human ESRD.

The lack of increased circulating chemerin seemed unrelated to an inoperative experimental
design. Clipping of the left renal artery and anti-Thy1.1 treatment both sufficiently reduced kidney
function, as determined by a ~2-fold increase in serum urea and creatinine. Also, renal weight was
significantly increased in both rodent models. These results match findings previously obtained by our
group in 2k1c rats [52]. It is possible that despite the detectable renal affliction of our animals and
its correlation with local chemerin expression, the functional renal restriction might not have been
relevant enough to fully resemble the level of kidney failure seen in human ESRD [14]. Thus, the renal
capacity to eliminate increasing levels of circulating chemerin might still have been sufficient in the
examined animal models.

A current methodological limitation in the field of chemerin research is the lack of analysis of
the multitude of existing chemerin pre-cursors [12,19]. Chemerin is proteolytically processed (e.g., by
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cathepsin G, elastase, plasmin, and tryptase) into different active and inactive chemerin peptides, such
as pre-prochemerin and mature prochemerin, which might exert specific functions on their own.

In summary, our findings provide novel evidence that renal chemerin expression in 2k1c and
Thy1.1 nephritic rats are associated with markers of kidney inflammation and fibrosis. However, we
did not find elevated levels of circulating chemerin in these animals. Thus, chemerin might not serve
as a biomarker in these models.

4. Materials and Methods

4.1. Experimental Procedures

All animal experiments were performed in compliance with the DIRECTIVE 2010/63/EU of
the European Parliament and were approved by the local government authorities (Regierung of
Mittelfranken, AZ 54-2532.1-51/12, 22 October 2013 and AZ 55.2.2532-2-526, 18 October 2017). All efforts
were made to minimize suffering in the animal cohort. Rats were housed in a room maintained at 22 ±
2 ◦C, exposed to a 12-h dark/light cycle. The animals had unlimited access to standard rodent nutrition
and tap water.

Induction of hypertensive nephropathy: Two-kidney, one-clip renovascular hypertension (2k1c)
was induced in male Sprague–Dawley rats (Charles River, Sulzfeld, Germany) weighing 150–170 g by
placing a silver clip of 0.2 mm internal diameter around the left renal artery through a flank incision
under isoflurane anesthesia as previously described (n = 25) [53]. Control animals underwent a sham
operation without placement of the clip (n = 10). Analgesia was provided post-operatively in all
animals, and as needed later on. Five weeks after the clipping of the renal artery, the experiment was
terminated, and renal tissue was collected.

Induction of acute glomerulonephritis: Male Sprague-Dawley rats (150 to 200 g) were obtained
from Charles River Deutschland. Anti-Thy1.1 nephritis was induced in uninephrectomized rats by a
single intravenous injection of 1 mg/kg body weight anti-Thy1.1 antibody into the tail vein in light
isoflurane anesthesia. Controls received solvent only (n = 5 per group). The monoclonal antibody
against Thy1.1 (ER4) was from Antibody Solutions (Santa Clara, CA, USA). Anti-Thy1.1 nephritis is an
acute mesangioproliferative glomerulonephritis with mesangial expansion and glomerulosclerosis
peaking at days 7 to 14 of disease [42,54]. On day 13, animals were housed in metabolic cages for 24 h
to collect urine. Five animals per group were sacrificed on day 14 after induction of nephritis and renal
tissue was obtained for further evaluation.

4.2. Blood Pressure Measurements

At the end of the experiment, rats were weighed and instrumented with femoral artery catheters for
intraarterial blood pressure measurements in anesthesia, as described previously [55]. Measurements
were performed on the same day after termination of anesthesia and a recovery phase of 2 h in
conscious animals via transducers connected to a polygraph (Hellige, Freiburg, Germany).

4.3. Measurement of Serum and Urine Parameters

For urine collection, anti-Thy1.1 nephritic animals were put in metabolic cages for 24 h on the
day before sacrifice. Albumin excretion was assessed by enzyme-linked immunosorbent assay (Bethyl
Laboratories, Biomol, Hamburg, Germany). For serum analysis, blood was collected from catheters.
Thereafter, rats were euthanized by bleeding in deep anesthesia. Plasma creatinine and plasma urea
were analyzed using an automatic analyzer Integra 1000 (Roche Diagnostics, Mannheim, Germany).
Plasma chemerin was determined using a commercially available ELISA kit (MyBiosource, Biozol,
Eching, Germany) according to the manufacturer’s protocol.
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4.4. Tissue Sampling

After organ weighing, kidneys were decapsulated. Both poles of each kidney and the apical tip
of the left ventricle were immediately snap-frozen on liquid nitrogen for protein or RNA extraction.
One 6 mm slice of the kidney was put in paraformaldehyde solution (for detection of chemerin), while
another 6 mm slice of the remaining kidney was put in methyl-Carnoy solution (60% methanol, 30%
chloroform and 10% glacial acetic acid) for fixation. After overnight fixation, tissues were dehydrated
by bathing in increasing concentrations of alcohol and embedded in paraffin. Three µm sections were
cut with a Leitz SM 2000 R microtome (Leica Instruments, Nussloch, Germany).

4.5. Immunohistochemistry

Tissue was processed as described [56]. Immunohistochemical detection of chemerin, collagen
I, collagen IV, α-smooth muscle actin (SMA), ED-1, myeloperoxidase (MPO), CD3, CD4, CD8a, and
CD163 was performed in methyl Carnoy-fixed tissue sections. Antibodies used are described in
Supplementary Table S1. The specificity of the chemerin antibody was confirmed by staining in
control tissue: rat skin, lung and testes (see Supplementary Figure S6). Interstitial collagens I and
IV were quantified in 30 medium-power views (magnification x200) by means of an 11 × 11-point
grid or by densitometric analysis using MetaVue software (Molecular Devices, Sunnyvale, CA, USA).
The percentage of grid points corresponding with a stained area or the percentage of stained area in
relation to the total area was calculated. SMA, ED-1, MPO, CD3, CD4, CD8a, and CD163 positive cells
were counted in 20 medium-power cortical views. All histological evaluations were done by a single
investigator blinded to the group assignment.

4.6. Western Blot Analysis

Frozen renal tissue was homogenized, protein samples were prepared as described [57] and
separated on a denaturing SDS-PAGE gel [58]. After electrophoresis, the gels were electroblotted
onto PVDF membranes (Hybond-P, GE Amersham, Munich, Germany), blocked with Rotiblock
(Roth, Karlsruhe, Germany) for 1 h and incubated overnight with a primary antibody to chemerin.
Protein bands were visualized with secondary horseradish peroxidase-conjugated IgG antibodies
(Santa Cruz Biotechnology, 1:50,000), using the Pierce ECL+ system (Thermo Fisher Scientific, Waltham,
MA, USA). Blots were quantified using a luminescent imager (LAS-1000, Fujifilm, Berlin, Germany)
and Aida 2.1 image analysis software (Raytest, Berlin, Germany). Loading of the blot was quantified
by Amido Black staining solution (Sigma, Taufkirchen, Germany).

4.7. Real-Time Polymerase Chain Reaction (PCR) Analyses

Renal tissue was homogenized in RLT buffer reagent (Qiagen, Hilden, Germany) with an ultraturrax
for 30 s, total RNA was extracted from homogenates by RNeasy Mini columns (Qiagen) according
to the manufacturer’s protocol, and real-time RT-PCR was performed [59]. First-strand cDNA was
synthesized with TaqMan reverse transcription reagents (Applied Biosystems, Darmstadt, Germany)
using random hexamers as primers. Reactions without Multiscribe reverse transcriptase were used as
negative controls for genomic DNA contamination. PCR was performed with a StepOnePlus™ sequence
detector system (Applied Biosystems, Darmstadt, Germany) and TaqMan or SYBR Green Universal
PCR master mix (Applied Biosystems), as described previously [57]. All samples were run in duplicates.
Specific mRNA levels in hypertensive animals relative to sham-operated controls were calculated and
normalized to a housekeeping gene (18S) with the ∆∆Ct method as specified by the manufacturer
(Applied Biosystems). Primer pairs used for experiments are shown in Supplementary Table S2.

4.8. Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM). After testing for normality
distribution using Shapiro–Wilk’s test, we performed Student’s t-test or the Mann–Whitney U-test,
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where appropriate. A p-value < 0.05 was considered significant. To assess correlations between
chemerin and markers of inflammation and fibrosis, Spearman’s correlation coefficients (Spearman’s
rho) were calculated. Calculations were carried out using the SPSS 19 software (IBM, Ehningen,
Germany) and GraphPad Prism 7.00 (GraphPad Software, La Jolla, CA, USA).

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/24/
6240/s1. Figure S1: Exemplary photomicrographs of kidneys with 2k1c nephropathy and control kidneys (sham)
stained for the M1 macrophage marker ED1 and the M2 macrophage marker CD163. Figure S2: Exemplary
photomicrographs of kidneys with 2k1c nephropathy and control kidneys (sham) stained for the neutrophil
marker myeloperoxidase and the T-cell marker CD3. Figure S3: Exemplary photomicrographs of kidneys with
2k1c nephropathy and control kidneys (sham) stained for the T-helper cell marker CD4 and the cytotoxic T-cell
marker CD8a. Figure S4: Exemplary photomicrographs of kidneys with 2k1c nephropathy and control kidneys
(sham) stained for collagen I and collagen IV. Figure S5: Exemplary photomicrographs of kidneys with Thy1
induced glomerulonephritis and control kidneys (NaCl) stained for the M1 macrophage marker ED1. Figure S6.
Specificity testing of the chemerin antibody. The antibody stained skin (Luangsay S et al. 2009, J Immunol 183;
Vermi W et al. 2005, J Exp Med 201), lung (Luangsay S et al. 2009, J Immunol 183) and testes (Li L et al. 2014, J
Endocrinol 220), as described before. Black arrowheads point to the chemerin positive keratinocyte layer in a skin
sample, to the chemerin positive ciliated epithelium of the lung bronchioles and to chemerin positive Leydig cells
in testes. Table S1. Antibodies used for immunohistochemistry. Table S2. Primer sequences.

Author Contributions: A.M. acquired data, interpreted the results and drafted the manuscript. R.W., C.M.-C.
and N.C. acquired data, interpreted the results and revised the manuscript. A.H. and F.B.F. designed the work,
interpreted the data and drafted the manuscript. K.F.H. designed the work and revised the manuscript. J.W.
critically revised the manuscript. All authors gave final approval of the manuscript to be published.

Funding: This research was funded by a grant from the Doktor Robert Pfleger-Stiftung to Andrea Hartner and
Karl F. Hilgers and by Deutsche Forschungsgemeinschaft/Friedrich-Alexander-University Erlangen-Nürnberg
(FAU) within the funding programme Open Access Publishing.

Acknowledgments: We thank Miroslava Kupraszewicz-Hutzler and Astrid Ziegler for their excellent technical
assistance. A large part of the experimental procedures and respective data acquisition was performed by Alexander
Mocker in fulfillment of the requirements for obtaining the degree “Dr. med.” at the Friedrich-Alexander-University
of Erlangen-Nürnberg, Dept. of Pediatrics and Adolescent Medicine, Germany. The authors thank J. A. Bello MD,
FACR, Professor of Clinical Radiology and Neurosurgery, Director of Neuroradiology, Albert Einstein College of
Medicine, Montefiore Medical Center, New York, NY, USA for language editing.

Conflicts of Interest: The authors declare no conflict of interest. The funding sources had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results.

References

1. Breyer, M.D.; Susztak, K. Developing Treatments for Chronic Kidney Disease in the 21st Century.
Semin. Nephrol. 2016, 36, 436–447. [CrossRef] [PubMed]

2. Ernandez, T.; Mayadas, T.N. The Changing Landscape of Renal Inflammation. Trends Mol. Med. 2016, 22,
151–163. [CrossRef] [PubMed]

3. Hilgers, K.F.; Hartner, A.; Porst, M.; Mai, M.; Wittmann, M.; Hugo, C.; Ganten, D.; Geiger, H.; Veelken, R.;
Mann, J.F. Monocyte chemoattractant protein-1 and macrophage infiltration in hypertensive kidney injury.
Kidney Int. 2000, 58, 2408–2419. [CrossRef] [PubMed]

4. Shafi, T.; Coresh, J. 1 - Chronic Kidney Disease: Definition, Epidemiology, Cost, and Outcomes. In Chronic
Kidney Disease, Dialysis, and Transplantation (Fourth Edition), Himmelfarb, J.; Ikizler, T.A., Ed.; Eds. Elsevier:
Philadelphia, PA, USA, 2019.

5. Wada, T.; Matsushima, K.; Kaneko, S. The role of chemokines in glomerulonephritis. Front. Biosci. 2008,
13, 3966–3974. [CrossRef] [PubMed]

6. Chung, A.C.; Lan, H.Y. Chemokines in renal injury. J. Am. Soc. Nephrol. 2011, 22, 802–809. [CrossRef]
[PubMed]

7. Wittamer, V.; Franssen, J.D.; Vulcano, M.; Mirjolet, J.F.; Le Poul, E.; Migeotte, I.; Brezillon, S.; Tyldesley, R.;
Blanpain, C.; Detheux, M.; et al. Specific recruitment of antigen-presenting cells by chemerin, a novel
processed ligand from human inflammatory fluids. J. Exp. Med. 2003, 198, 977–985. [CrossRef] [PubMed]

8. Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.;
et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance.
J. Clin. Investig. 2003, 112, 1821–1830. [CrossRef]

http://www.mdpi.com/1422-0067/20/24/6240/s1
http://www.mdpi.com/1422-0067/20/24/6240/s1
http://dx.doi.org/10.1016/j.semnephrol.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27987541
http://dx.doi.org/10.1016/j.molmed.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26778189
http://dx.doi.org/10.1046/j.1523-1755.2000.00424.x
http://www.ncbi.nlm.nih.gov/pubmed/11115074
http://dx.doi.org/10.2741/2984
http://www.ncbi.nlm.nih.gov/pubmed/18508490
http://dx.doi.org/10.1681/ASN.2010050510
http://www.ncbi.nlm.nih.gov/pubmed/21474561
http://dx.doi.org/10.1084/jem.20030382
http://www.ncbi.nlm.nih.gov/pubmed/14530373
http://dx.doi.org/10.1172/JCI200319451


Int. J. Mol. Sci. 2019, 20, 6240 14 of 16

9. Bozaoglu, K.; Bolton, K.; McMillan, J.; Zimmet, P.; Jowett, J.; Collier, G.; Walder, K.; Segal, D. Chemerin is
a novel adipokine associated with obesity and metabolic syndrome. Endocrinology 2007, 148, 4687–4694.
[CrossRef]

10. Goralski, K.B.; McCarthy, T.C.; Hanniman, E.A.; Zabel, B.A.; Butcher, E.C.; Parlee, S.D.; Muruganandan, S.;
Sinal, C.J. Chemerin, a novel adipokine that regulates adipogenesis and adipocyte metabolism. J. Biol. Chem.
2007, 282, 28175–28188. [CrossRef]

11. Bonomini, M.; Pandolfi, A. Chemerin in renal dysfunction and cardiovascular disease. Vascul. Pharmacol.
2016, 77, 28–34. [CrossRef]

12. Kaur, J.; Mattu, H.S.; Chatha, K.; Randeva, H.S. Chemerin in human cardiovascular disease. Vascul. Pharmacol.
2018, 110, 1–6. [CrossRef] [PubMed]

13. Hu, W.; Feng, P. Elevated serum chemerin concentrations are associated with renal dysfunction in type 2
diabetic patients. Diabetes Res. Clin. Pract. 2011, 91, 159–163. [CrossRef] [PubMed]

14. Rutkowski, P.; Sledzinski, T.; Zielinska, H.; Lizakowski, S.; Goyke, E.; Szrok-Wojtkiewicz, S.; Swierczynski, J.;
Rutkowski, B. Decrease of serum chemerin concentration in patients with end stage renal disease after
successful kidney transplantation. Regul. Pept. 2012, 173, 55–59. [CrossRef] [PubMed]

15. Pfau, D.; Bachmann, A.; Lossner, U.; Kratzsch, J.; Bluher, M.; Stumvoll, M.; Fasshauer, M. Serum levels of the
adipokine chemerin in relation to renal function. Diabetes Care 2010, 33, 171–173. [CrossRef] [PubMed]

16. Blaszak, J.; Szolkiewicz, M.; Sucajtys-Szulc, E.; Konarzewski, M.; Lizakowski, S.; Swierczynski, J.; Rutkowski, B.
High serum chemerin level in CKD patients is related to kidney function, but not to its adipose tissue
overproduction. Ren Fail. 2015, 37, 1033–1038. [CrossRef] [PubMed]

17. Meng, X.M.; Tang, P.M.; Li, J.; Lan, H.Y. TGF-beta/Smad signaling in renal fibrosis. Front. Physiol. 2015, 6, 82.
[CrossRef]

18. Meran, S.; Steadman, R. Fibroblasts and myofibroblasts in renal fibrosis. Int. J. Exp. Pathol. 2011, 92, 158–167.
[CrossRef]

19. Ernst, M.C.; Sinal, C.J. Chemerin: At the crossroads of inflammation and obesity. Trends Endocrinol. Metab.
2010, 21, 660–667. [CrossRef]

20. Arita, M.; Ohira, T.; Sun, Y.P.; Elangovan, S.; Chiang, N.; Serhan, C.N. Resolvin E1 selectively interacts with
leukotriene B4 receptor BLT1 and ChemR23 to regulate inflammation. J. Immunol. 2007, 178, 3912–3917.
[CrossRef]

21. Vermi, W.; Riboldi, E.; Wittamer, V.; Gentili, F.; Luini, W.; Marrelli, S.; Vecchi, A.; Franssen, J.D.; Communi, D.;
Massardi, L.; et al. Role of ChemR23 in directing the migration of myeloid and plasmacytoid dendritic cells
to lymphoid organs and inflamed skin. J. Exp. Med. 2005, 201, 509–515. [CrossRef]

22. Kaur, J.; Adya, R.; Tan, B.K.; Chen, J.; Randeva, H.S. Identification of chemerin receptor (ChemR23) in human
endothelial cells: Chemerin-induced endothelial angiogenesis. Biochem. Biophys. Res. Commun. 2010, 391,
1762–1768. [CrossRef] [PubMed]

23. Maeshima, Y.; Makino, H. Angiogenesis and chronic kidney disease. Fibrogenesis Tissue Repair 2010, 3, 13.
[CrossRef] [PubMed]

24. Cheng, Z.; Limbu, M.H.; Wang, Z.; Liu, J.; Liu, L.; Zhang, X.; Chen, P.; Liu, B. MMP-2 and 9 in Chronic
Kidney Disease. Int. J. Mol. Sci. 2017, 18. [CrossRef] [PubMed]

25. Yu, Q.X.; Zhang, H.; Xu, W.H.; Hao, F.; Liu, S.L.; Bai, M.M.; Mu, J.W.; Zhang, H.J. Effect of Irbesartan
on Chemerin in the Renal Tissues of Diabetic Rats. Kidney Blood Press Res. 2015, 40, 467–477. [CrossRef]
[PubMed]

26. Goldblatt, H.; Lynch, J.; Hanzal, R.F.; Summerville, W.W. Studies on Experimental Hypertension : I. The
Production of Persistent Elevation of Systolic Blood Pressure by Means of Renal Ischemia. J. Exp. Med. 1934,
59, 347–379. [CrossRef]

27. Goldblatt, H.; Kahn, J.R.; Hanzal, R.F. Studies on Experimental Hypertension : Ix. The Effect on Blood
Pressure of Constriction of the Abdominal Aorta above and Below the Site of Origin of Both Main Renal
Arteries. J. Exp. Med. 1939, 69, 649–674. [CrossRef]

28. Hilgers, K.F.; Hartner, A.; Porst, M.; Veelken, R.; Mann, J.F. Angiotensin II type 1 receptor blockade prevents
lethal malignant hypertension: Relation to kidney inflammation. Circulation 2001, 104, 1436–1440. [CrossRef]

29. Wiesel, P.; Mazzolai, L.; Nussberger, J.; Pedrazzini, T. Two-kidney, one clip and one-kidney, one clip
hypertension in mice. Hypertension 1997, 29, 1025–1030. [CrossRef]

http://dx.doi.org/10.1210/en.2007-0175
http://dx.doi.org/10.1074/jbc.M700793200
http://dx.doi.org/10.1016/j.vph.2015.10.007
http://dx.doi.org/10.1016/j.vph.2018.06.018
http://www.ncbi.nlm.nih.gov/pubmed/30016719
http://dx.doi.org/10.1016/j.diabres.2010.11.016
http://www.ncbi.nlm.nih.gov/pubmed/21144611
http://dx.doi.org/10.1016/j.regpep.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21971116
http://dx.doi.org/10.2337/dc09-1351
http://www.ncbi.nlm.nih.gov/pubmed/19837789
http://dx.doi.org/10.3109/0886022X.2015.1040707
http://www.ncbi.nlm.nih.gov/pubmed/25945605
http://dx.doi.org/10.3389/fphys.2015.00082
http://dx.doi.org/10.1111/j.1365-2613.2011.00764.x
http://dx.doi.org/10.1016/j.tem.2010.08.001
http://dx.doi.org/10.4049/jimmunol.178.6.3912
http://dx.doi.org/10.1084/jem.20041310
http://dx.doi.org/10.1016/j.bbrc.2009.12.150
http://www.ncbi.nlm.nih.gov/pubmed/20044979
http://dx.doi.org/10.1186/1755-1536-3-13
http://www.ncbi.nlm.nih.gov/pubmed/20687922
http://dx.doi.org/10.3390/ijms18040776
http://www.ncbi.nlm.nih.gov/pubmed/28397744
http://dx.doi.org/10.1159/000368523
http://www.ncbi.nlm.nih.gov/pubmed/26394118
http://dx.doi.org/10.1084/jem.59.3.347
http://dx.doi.org/10.1084/jem.69.5.649
http://dx.doi.org/10.1161/hc3601.095576
http://dx.doi.org/10.1161/01.HYP.29.4.1025


Int. J. Mol. Sci. 2019, 20, 6240 15 of 16

30. Corbier, A.; Lecaque, D.; Secchi, J.; Depouez, B.; Hamon, G. Effects of 4 weeks of treatment with trandolapril
on renal hypertension and cardiac and vascular hypertrophy in the rat. J. Cardiovasc. Pharmacol. 1994,
23, S26–S29. [CrossRef]

31. Ozawa, Y.; Kobori, H.; Suzaki, Y.; Navar, L.G. Sustained renal interstitial macrophage infiltration following
chronic angiotensin II infusions. Am. J. Physiol. Renal Physiol. 2007, 292, F330–F339. [CrossRef]

32. Mezzano, S.A.; Aros, C.A.; Droguett, A.; Burgos, M.E.; Ardiles, L.G.; Flores, C.A.; Carpio, D.; Vio, C.P.;
Ruiz-Ortega, M.; Egido, J. Renal angiotensin II up-regulation and myofibroblast activation in human
membranous nephropathy. Kidney Int. 2003, 64, S39–S45. [CrossRef] [PubMed]

33. Yang, F.; Chung, A.C.; Huang, X.R.; Lan, H.Y. Angiotensin II induces connective tissue growth factor and
collagen I expression via transforming growth factor-beta-dependent and -independent Smad pathways:
The role of Smad3. Hypertension 2009, 54, 877–884. [CrossRef] [PubMed]

34. Border, W.A.; Noble, N.A. Interactions of transforming growth factor-beta and angiotensin II in renal fibrosis.
Hypertension 1998, 31, 181–188. [CrossRef] [PubMed]

35. Mezzano, S.A.; Ruiz-Ortega, M.; Egido, J. Angiotensin II and renal fibrosis. Hypertension 2001, 38, 635–638.
[CrossRef] [PubMed]

36. Wolf, G.; Schneider, A.; Wenzel, U.; Helmchen, U.; Stahl, R.A. Regulation of glomerular TGF-beta expression
in the contralateral kidney of two-kidney, one-clip hypertensive rats. J. Am. Soc. Nephrol. 1998, 9, 763–772.
[PubMed]

37. Hoppmann, J.; Perwitz, N.; Meier, B.; Fasshauer, M.; Hadaschik, D.; Lehnert, H.; Klein, J. The balance between
gluco- and mineralo-corticoid action critically determines inflammatory adipocyte responses. J. Endocrinol.
2010, 204, 153–164. [CrossRef] [PubMed]

38. John, H.; Hierer, J.; Haas, O.; Forssmann, W.G. Quantification of angiotensin-converting-enzyme-mediated
degradation of human chemerin 145-154 in plasma by matrix-assisted laser
desorption/ionization-time-of-flight mass spectrometry. Anal. Biochem. 2007, 362, 117–125. [CrossRef]

39. Urushihara, M.; Kinoshita, Y.; Kondo, S.; Kagami, S. Involvement of the intrarenal renin-angiotensin system
in experimental models of glomerulonephritis. J. Biomed. Biotechnol. 2012, 2012, 601786. [CrossRef]

40. Anders, H.J.; Vielhauer, V.; Schlondorff, D. Chemokines and chemokine receptors are involved in the
resolution or progression of renal disease. Kidney Int. 2003, 63, 401–415. [CrossRef]

41. Ishizaki, M.; Masuda, Y.; Fukuda, Y.; Sugisaki, Y.; Yamanaka, N.; Masugi, Y. Experimental
mesangioproliferative glomerulonephritis in rats induced by intravenous administration of anti-thymocyte
serum. Acta Pathol. Jpn. 1986, 36, 1191–1203. [CrossRef]

42. Hartner, A.; Schocklmann, H.; Prols, F.; Muller, U.; Sterzel, R.B. Alpha8 integrin in glomerular mesangial
cells and in experimental glomerulonephritis. Kidney Int. 1999, 56, 1468–1480. [CrossRef] [PubMed]

43. Sakai, N.; Iseki, K.; Suzuki, S.; Mori, T.; Hagino, S.; Zhang, Y.; Yokoya, S.; Kawasaki, Y.; Suzuki, J.; Isome, M.;
et al. Uninephrectomy induces progressive glomerulosclerosis and apoptosis in anti-Thy1 glomerulonephritis.
Pathol. Int. 2005, 55, 19–26. [CrossRef] [PubMed]

44. Kawachi, H.; Iwanaga, T.; Toyabe, S.; Oite, T.; Shimizu, F. Mesangial sclerotic change with persistent
proteinuria in rats after two consecutive injections of monoclonal antibody 1-22-3. Clin. Exp. Immunol. 1992,
90, 129–134. [CrossRef] [PubMed]

45. Yamamoto, T.; Qureshi, A.R.; Anderstam, B.; Heimburger, O.; Barany, P.; Lindholm, B.; Stenvinkel, P.;
Axelsson, J. Clinical importance of an elevated circulating chemerin level in incident dialysis patients.
Nephrol. Dial. Transplant. 2010, 25, 4017–4023. [CrossRef] [PubMed]

46. Mukai, H.; Dai, L.; Chen, Z.; Lindholm, B.; Ripsweden, J.; Brismar, T.B.; Heimburger, O.; Barany, P.;
Qureshi, A.R.; Soderberg, M.; et al. Inverse J-shaped relation between coronary arterial calcium density and
mortality in advanced chronic kidney disease. Nephrol. Dial. Transplant. 2018. [CrossRef] [PubMed]

47. Carracedo, M.; Artiach, G.; Witasp, A.; Claria, J.; Carlstrom, M.; Laguna-Fernandez, A.; Stenvinkel, P.;
Back, M. The G-protein coupled receptor ChemR23 determines smooth muscle cell phenotypic switching to
enhance high phosphate-induced vascular calcification. Cardiovasc Res. 2019, 115, 1557–1566. [CrossRef]
[PubMed]

48. Artiach, G.; Carracedo, M.; Claria, J.; Laguna-Fernandez, A.; Back, M. Opposing Effects on Vascular
Smooth Muscle Cell Proliferation and Macrophage-induced Inflammation Reveal a Protective Role for the
Proresolving Lipid Mediator Receptor ChemR23 in Intimal Hyperplasia. Front. Pharmacol. 2018, 9, 1327.
[CrossRef]

http://dx.doi.org/10.1097/00005344-199406001-00007
http://dx.doi.org/10.1152/ajprenal.00059.2006
http://dx.doi.org/10.1046/j.1523-1755.64.s86.8.x
http://www.ncbi.nlm.nih.gov/pubmed/12969126
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.136531
http://www.ncbi.nlm.nih.gov/pubmed/19667256
http://dx.doi.org/10.1161/01.HYP.31.1.181
http://www.ncbi.nlm.nih.gov/pubmed/9453300
http://dx.doi.org/10.1161/hy09t1.094234
http://www.ncbi.nlm.nih.gov/pubmed/11566946
http://www.ncbi.nlm.nih.gov/pubmed/9596073
http://dx.doi.org/10.1677/JOE-09-0292
http://www.ncbi.nlm.nih.gov/pubmed/19939912
http://dx.doi.org/10.1016/j.ab.2006.12.001
http://dx.doi.org/10.1155/2012/601786
http://dx.doi.org/10.1046/j.1523-1755.2003.00750.x
http://dx.doi.org/10.1111/j.1440-1827.1986.tb02839.x
http://dx.doi.org/10.1046/j.1523-1755.1999.00662.x
http://www.ncbi.nlm.nih.gov/pubmed/10504498
http://dx.doi.org/10.1111/j.1440-1827.2005.01781.x
http://www.ncbi.nlm.nih.gov/pubmed/15660699
http://dx.doi.org/10.1111/j.1365-2249.1992.tb05844.x
http://www.ncbi.nlm.nih.gov/pubmed/1395093
http://dx.doi.org/10.1093/ndt/gfq329
http://www.ncbi.nlm.nih.gov/pubmed/20543210
http://dx.doi.org/10.1093/ndt/gfy352
http://www.ncbi.nlm.nih.gov/pubmed/30534995
http://dx.doi.org/10.1093/cvr/cvy316
http://www.ncbi.nlm.nih.gov/pubmed/30597013
http://dx.doi.org/10.3389/fphar.2018.01327


Int. J. Mol. Sci. 2019, 20, 6240 16 of 16

49. Laguna-Fernandez, A.; Checa, A.; Carracedo, M.; Artiach, G.; Petri, M.H.; Baumgartner, R.; Forteza, M.J.;
Jiang, X.; Andonova, T.; Walker, M.E.; et al. ERV1/ChemR23 Signaling Protects Against Atherosclerosis by
Modifying Oxidized Low-Density Lipoprotein Uptake and Phagocytosis in Macrophages. Circulation 2018,
138, 1693–1705. [CrossRef]

50. Sato, K.; Yoshizawa, H.; Seki, T.; Shirai, R.; Yamashita, T.; Okano, T.; Shibata, K.; Wakamatsu, M.J.; Mori, Y.;
Morita, T.; et al. Chemerin-9, a potent agonist of chemerin receptor (ChemR23), prevents atherogenesis.
Clin. Sci. (Lond) 2019, 133, 1779–1796. [CrossRef]

51. Carracedo, M.; Witasp, A.; Qureshi, A.R.; Laguna-Fernandez, A.; Brismar, T.; Stenvinkel, P.; Back, M.
Chemerin inhibits vascular calcification through ChemR23 and is associated with lower coronary calcium in
chronic kidney disease. J. Int. Med. 2019, 286, 449–457. [CrossRef]

52. Hartner, A.; Jagusch, L.; Cordasic, N.; Amann, K.; Veelken, R.; Jacobi, J.; Hilgers, K.F. Impaired
Neovascularization and Reduced Capillary Supply in the Malignant vs. Non-malignant Course of
Experimental Renovascular Hypertension. Front. Physiol. 2016, 7, 370. [CrossRef] [PubMed]

53. Mai, M.; Hilgers, K.F.; Wagner, J.; Mann, J.F.; Geiger, H. Expression of angiotensin-converting enzyme in
renovascular hypertensive rat kidney. Hypertension 1995, 25, 674–678. [CrossRef] [PubMed]

54. Baker, A.J.; Mooney, A.; Hughes, J.; Lombardi, D.; Johnson, R.J.; Savill, J. Mesangial cell apoptosis: The major
mechanism for resolution of glomerular hypercellularity in experimental mesangial proliferative nephritis.
J. Clin. Investig. 1994, 94, 2105–2116. [CrossRef] [PubMed]

55. Menendez-Castro, C.; Fahlbusch, F.; Cordasic, N.; Amann, K.; Munzel, K.; Plank, C.; Wachtveitl, R.;
Rascher, W.; Hilgers, K.F.; Hartner, A. Early and late postnatal myocardial and vascular changes in a protein
restriction rat model of intrauterine growth restriction. PLoS ONE 2011, 6, e20369. [CrossRef]

56. Menendez-Castro, C.; Hilgers, K.F.; Amann, K.; Daniel, C.; Cordasic, N.; Wachtveitl, R.; Fahlbusch, F.;
Plank, C.; Dotsch, J.; Rascher, W.; et al. Intrauterine growth restriction leads to a dysregulation of Wilms’
tumour supressor gene 1 (WT1) and to early podocyte alterations. Nephrol Dial. Transplant. 2013, 28, 1407–1417.
[CrossRef]

57. Menendez-Castro, C.; Toka, O.; Fahlbusch, F.; Cordasic, N.; Wachtveitl, R.; Hilgers, K.F.; Rascher, W.;
Hartner, A. Impaired myocardial performance in a normotensive rat model of intrauterine growth restriction.
Pediatr. Res. 2014, 75, 697–706. [CrossRef]

58. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680–685. [CrossRef]

59. Gibson, U.E.; Heid, C.A.; Williams, P.M. A novel method for real time quantitative RT-PCR. Genome Res.
1996, 6, 995–1001. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1161/CIRCULATIONAHA.117.032801
http://dx.doi.org/10.1042/CS20190336
http://dx.doi.org/10.1111/joim.12940
http://dx.doi.org/10.3389/fphys.2016.00370
http://www.ncbi.nlm.nih.gov/pubmed/27625610
http://dx.doi.org/10.1161/01.HYP.25.4.674
http://www.ncbi.nlm.nih.gov/pubmed/7721414
http://dx.doi.org/10.1172/JCI117565
http://www.ncbi.nlm.nih.gov/pubmed/7962557
http://dx.doi.org/10.1371/journal.pone.0020369
http://dx.doi.org/10.1093/ndt/gfs517
http://dx.doi.org/10.1038/pr.2014.27
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1101/gr.6.10.995
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Chemerin is Induced in Kidneys Exposed to High Blood Pressure 
	In Kidneys Exposed to High Blood Pressure, Chemerin Expression Correlates with Markers of Renal Damage, Inflammation, and Fibrosis 
	Chemerin is Induced in Glomeruli Afflicted with Thy1.1 Nephritis and Correlates with Markers of Renal Damage, Inflammation, and Fibrosis 
	Chemerin Plasma Levels are Not Increased in Rat Models of Renal Injury 

	Discussion 
	Materials and Methods 
	Experimental Procedures 
	Blood Pressure Measurements 
	Measurement of Serum and Urine Parameters 
	Tissue Sampling 
	Immunohistochemistry 
	Western Blot Analysis 
	Real-Time Polymerase Chain Reaction (PCR) Analyses 
	Statistical Analysis 

	References

